Abstract. The spectroscopic electrical characterization of biological tissues between 10Hz and 10MHz is generally based on four-electrode impedance measurement. An array of four aligned needle-electrodes is commonly used for the probe. The electrode/sample interface impedances and the parasitic capacitances of the system induce measurement inaccuracies respectively in the low and high parts of the studied frequency range. These inaccuracies cannot be removed by any usual calibration method but can be minimized by modifying the geometry of the probe. Using a 3D finite element model of the probe coupled with a deterministic optimization algorithm, it is shown that the configuration of the electrodes should be different at 10Hz and 10MHz to improve the performances of the measurement system.
Introduction
A good knowledge of the electrical properties of biological tissues has become crucial in doing medical diagnostic [1] and in computing fields induced by the electromagnetic environment in the human body [2] [3] . A lot of methods have been applied to the electrical characterization of biological tissues, depending on the frequency range under scope. In vivo, measurements are generally limited to easily accessible tissues (the skin for example), and in vitro, measurements are difficult because of the tissue conditioning (temperature, hydration, time after death). Moreover, the electrical properties of a tissue may vary from one individual to another as they depend on the age and on physiogical parameters. However, electrical properties can be found in the relevant literature for a variety of biological tissues and frequencies [4] .
Biological tissues exhibit very special properties in low frequency (below 10MHz) because of their ionic composition and cellular structure [5] . In this frequency range, biological tissues can be characterized using electrical impedance tomography (EIT) or simple impedance measurements. The EIT provides information of the distribution of the conductivity in parts of the body involving various organs [6] . Impedance measurements allow to evaluate the the conductivity (σ) and the permittivity ( ) of a specific tissue at pulsation (ω). The complex resistivity (ρ) of the tissue is calculated from the measured impedance (Z) and the probe constant (K) using :
The probe constant is a geometrical factor which is generally considered independent of the frequency. Below 1kHz, very high interface impedances appear between the electrodes and the tissue [7] . Impedance measurements using two-electrode probes must be corrected to take into account the interface impedances [8] . In consequence, four-electrode probes are widely used in low frequency to make direct measurements of the impedance of biological tissues [9] . Four-electrode systems allow separate measurement of the current and the voltage. The current is injected using two of the electrodes. The voltage is measured using high input impedance differencial amplifiers connected to the two other electrodes. Such a system is subject to measurement errors in the 10Hz-10MHz frequency range because of:
-the interface impedances in the low part of the frequency range (even if there is no current in the voltage measurement system) [10] , -the parasitic capacitances of the electronic components in the high part of the frequency range.
In this article, a four-electrode system is studied. The probe consists of four aligned parallel platinum electrodes. The outer electrodes are used to drive the current in the sample. The inner electrodes are used to make the voltage measurement. A finite element model of the system coupled with a deterministic optimization algorithm is used to find the best geometrical configurations of the electrodes so that the measurement accuracy is improved at 10Hz and 10MHz.
Finite element model
The model of the measurement system must take into account the parasitic capacitances and the interface impedances. The GetDP package is used because it allows to define surface impedances and to couple finite elements with the equations of an electrical circuit [11] . The sample and the immersed part of the electrodes are modeled by a 3D finite element mesh. Considering the size and the electrical properties of the sample, the electro quasi static formulation is used to compute the electric potential in the sample (e.g. at 10MHz, the wavelentgh in the muscle is 1.2m) [12] . Taking advantage of the symmetry, only one quarter of the measurement system is considered ( Fig. 1) . A Neumann boundary condition is applied on the outer boundaries of the sample. In consequence, the finite element domain has to be large enough not to alter the simulated measurement. Based on previous simulations evaluating the influence of the size of the computational domain and on studies from the literature [13] [14] [15] , the dimensions of the domain are chosen to be: (Fig. 1 ).
Interface impedances
The interface impedances appear at the electrode/sample interface where the electronic current in the electrode is converted into ionic current in the sample. Ions and electrons form a double layer which thickness is of the order of 5nm. This localized phenomenon results in an equivalent impedance which is crucial in the lower part of the frequency range. It can be modeled by a constant phase element [16] :
At the scale of the measurement probe, this element can be considered as surface impedance and can be taken into account in the finite element model using an impedance condition [10] [17]:
where z i = Z i S(Ωm 2 ) is the surface interface impedance. This impedance can be determined from two-electrode measurements on ionic solutions [18] . Representative values of the parameters of the interface impedance model where evaluated experimentaly: A = 0.1SI and β = 0.8.
Parasitic capacitances
The parasitic capacitances are located in the electronic interface connecting the four-electrode probe to the gainphase analyser. Based on open measurements, the parasitic capacitances are modeled by C mm = 19.6pF between the voltage measurement electrodes and C im = 0.75pF between a voltage measurement electrode and the current driving electrode next to it (Fig. 1) . The greatest parasitic capacitances (represented by C mm ) are due to the electronic components of the voltage measurement system.
Electrical potential in the sample
As shown by Paulson et al. [10] for a circular surface fourelectrode probe, the distribution of the electrical potential in the sample depends on the interface impedance: in low frequency, the interface impedance is high and the surfaces of the electrodes are not equipotential.
The distribution of the electric potential in the sample depends also on the parasitic capacitances. In the high part of the frequency range, the parasitic capacitance between the voltage measurement electrodes short-circuits a part the sample impedance. Fig. 2 shows the distribution of the electric potential:
-at 10Hz, where the interface impedances reach high values, -at 10MHz, where the parasitic capacitances have a great influence, -and at 100kHz, where there is no significative influence of neither the interface impedances nor the parasitic capacitances.
In consequence, the probe constant K depends on the frequency. Nevertheless, in order to perform the spectroscopic characterization of various biological tissues on the 10Hz-10MHz, a probe constant must be defined independently of the frequency and of the electrical properties of the sample. The probe constant is then determined from measurements on standard ionic solutions at 100kHz. The error induced on the extracted electrical properties cannot be efficiently corrected by any usual calibration method [19] because the frequency variations of the probe constant depend on the electrical properties of studied sample. 
Optimization of the probe
Taking into account the observations made in Sect. 2, it is interesting to minimize the measurement inaccuracy before calibration. A deterministic optimization method is then coupled to the finite element model. The geometrical configuration of the electrodes is optimized at 10Hz to minimize the influence of the interface impedances and at 10MHz to minimize the effects of the parasitic capacitances. The length and spacing of the electrodes (X1, X2, X3, X4 in Fig. 1 ) are the optimization parameters. The optimization domain is defined taking into account technical constraints:
-the length of the electrodes is limited in order to insure the mechanical stiffness of the probe, -the electrode spacing has to be large enough to be insensitive to the microscopic inhomogeneities of the tissue and to avoid deteriorating the tissue between the electrodes, -the global size of the probe has to be limited to allow characterization of small samples (small enough to have homogeneous electrical properties at the macroscopic scale). A deterministic technique based on the steepest descent method together with a golden section line search is used [20] . The objective function is given by:
where X represents the optimization parameters, f is the frequency in Hertz, ρ and ρ true are, respectively, the measured complex resistivity and the true complex resistivity of the sample. The optimization is performed separately at 10Hz and 10MHz considering that the sample is an ionic solution having frequency independent electrical conductivity (σ = 0.1S/m) and relative permittivity ( r = 80). The optimal electrode configurations found at 10Hz and 10MHz are different (Fig. 3 ).
Accuracy of the characterization using the optimized probes
The optimization allows to reduce the frequency dependence of the probe constant (Fig. 4) . At 10Hz, the interface impedances modify the distribution of the potential next to the electrodes, and particularly next to the current driving electrode. In the optimal configuration, the space between the voltage and current electrode is increased. At 10MHz, the optimization process tries to balance the sample impedance and the parasitic capacitances. It should be noted that in the optimal configuration at 10MHz, the electrodes reach the limits of the optimization domain, which means that a better configuration may be found on a larger domain. At both 10Hz and 10MHz, the optimized configurations depend on the electrical properties of the sample. In order to evaluate the accuracy of the optimized probe, a 10Hz-10MHz characterization of a muscle sample is simulated. The sample has frequency dependant electrical properties given in Table 1 [4] , and the parameters of the interface impedance are A = 0.1SI and β = 0.8. The probe optimized for 10Hz allows to reduce the measurement error by a factor 2 on the 10Hz-20kHz frequency range but alter the accuracy over 1MHz (Fig. 5 and 6 ). The probe optimized for 10MHz allows to reduce significantly the measurement error on the 30kHz-10MHz frequency range.
Conclusion
The spectroscopic electrical characterization of biological tissues is of well-know difficulty. The electrical properties depend strongly on a lot of physical and physiological parameters. An overview of the literature shows that the influence of various parameters was studied yet, for example: temperature [21] [22], haematocrit in the blood [23] , age [24] . However, in order to give reliable results, the accuracy of the measurement method itself should be es- timated. The present work shows an original method to evaluate the accuracy of a measurement system and to optimize the geometry of a four-electrode probe for the electrical characterization of biological tissu on the 10Hz-10MHz frequency range. It is shown that different probes should be used in the lower and the higher parts of the frequency range. In this way, the accuracy of the measurement can be improved significantly.
The proposed method will be improved in order to make the optimization more accurate and to take into account the calibration. As the four-electrode measurements are greatly altered by the parasitic capacitances, the use of two-electrode measurements on the higher part of the frequency range will be studied. The influence of the electrical properties of the sample used in the optimization will be investigated. This work will also be extended to other types of probe.
